Abstract-In this paper, an application robotic platform has been constructed based on the kinematic model of a 9-DOF hyper-redundant manipulator. The efficacy of our kinematic algorithm affects the accuracy and stability of both motion control and path tracking. The result of tracking different paths and error analysis shows that the 9-DOF manipulator works functionally and satisfies all the requirement of experimental design.
I. INTRODUCTION
With the development of science and technology, robots have increasingly penetrated into military, aerospace, medical science and other fields, mostly performing the risky or precise work for human beings. According to [1] , if the total degrees of freedom (DOF) of a robot is more than the degrees of freedom required for the task to be executed, the robot is termed as "kinematically redundant" or simply "redundant". Hyper-redundant robots (HRR) are a kind of robots that have a very large degree of kinematic redundancy. Redundancy in robotic design has been used to improve robotic performance in complex and multiple barrier environments. HRR, analogous in morphology and operation to snakes [2] , elephant trunks [3] , or tentacles [4] , are used to deal with a number of important applications where such robots would be advantageous. Once the number of DOF of the robot exceeds the number of task coordinates, it becomes a great challenge to solve the inverse kinematics and generate a path to make its motion robust and dexterous. Therefore, the research on HRR, has become one of the hot topics of robotic research for its practical significance and theoretical value. In modern days, robot manufacturers provide variety of industrial robots with their own forward and inverse kinematics and control methods (e.g.,PID control). However, these kinematics and control approaches are regarded as black boxes to the researchers who are using them. In order to further independently research and study HRR, building an open HRR is imperatively the main task of this paper.
The objective is to build a hyper-redundant 9-DOF robotic arm with its forward kinematic model and control software with user interface (UI), also implement trajectory tracking of the end-effector. First, we establish the kinematic model of 9-DOF manipulator along with its home position configuration. Then, the open robotic arm is constructed using nine orthogonal motor joints with detachable physical links. A series of DC servo motors (called Dynamiexls) from ROBOTIS, which will be used as joints. The RS-485 protocol is used for communicating from PC direct to the arm. In addition, we develop our own library of Visual C++ functions to control the manipulator's motion and path operation. Finally, the result of experimental demonstrations based on the trajectory data from [5] and error analysis later testifies that the 9-DOF arm is able to satisfy different control and motion requests and experiments, e.g., teaching positions, tracking trajectory or testing inverse kinematics.
II. MODELING AND OPERATION
A kinematic model of 9-DOF manipulator is designed that explains the geometric motions without considering forces and torques. The main part of kinematic modeling is dealing with the assignment of coordinate frames to represent the position and orientation of the end-effector with respect to the base, and with transformations among the coordinate systems. The forward kinematic analysis is carried out according to DH convention to get both position and orientation of the endeffector. Also, the configuration of the home position of 9-DOF manipulator is defined for kinematic control.
A. Kinematic Model of 9-DOF Arm
The proposed 9-DOF manipulator is composed of a set of revolute joints which are arranged orthogonal to each other while making the shoulder and wrist joint spherical. Thus, this kinematic model can be easily decoupled into inverse kinematics problem into two simpler problems, i.e., inverse position kinematics, and inverse orientation kinematics for future research.
In order to establish the kinematic model, all the links and joints of the manipulator are labeled starting from the bottom as shown in Fig. 1(a) where θ i is joint variable of each motor and h i is the length of each link. This particular configuration is based on the home position defined in Subsection II-B. The arm with nine joints (from label 1 to 9) has ten links (from label 0 to 9) since one joint connects two links. Therefore, frame (OXY Z) i can be attached to link i, i.e., each point on link i is constant when expressed in the i th coordinate frame. Fig. 1(b) presents frame assignment of 9-DOF manipulator where θ i is joint variable of each motor and h i measures the physical lenth of each links. First, we assign each Z i axis along the motor shaft of joint i + 1 (i.e., Z 1 , Z 2 , · · · , Z 9 ). Next we establish the base frame (OXY Z) 0 . Technically, the origin O i of each joint can be chose as any point along Z i . In this paper, we make the origin O 0 and O 2 to coincide at center of the motor shaft of joint 2 (i.e., O 1 ) to form a spherical shoulder as h 0 stays constant while the joints are actuating which makes DH parameter much simpler. Therefore, the origin O 4 , O 6 , O 8 also can be fixed using this method to form elbows and wrist. Then we choose X 0 and Y 0 to establish a right-handed frame. Since the axes Z 1 and Z 2 intersect which means they are coplanar, we choose X 1 be vertical axis of the (Z 1 ,Z 2 ) plane. Thus, in the same way, other X i can be assigned. Meanwhile, Y i is established to complete a right-handed frame.
Finally, the tool frame (OXY Z) 9 is established to represent the end-effector. The unit vectors along the X 9 , Y 9 and Z 9 are labeled as n 1 , s 2 and a 3 . This frame is usually fixed at the end of the last joint.
B. Forward Kinematic Analysis
The objective of forward kinematic analysis is to measure the cumulative effect of the entire set of joint variables on the end-effector, that is, to calculate the position and orientation of the end-effector for a given set of joint angles.
DH parameters are assigned in Table I based on proposed manipulator where a i is the length of common normal between Z i−1 and Z i along X i , α i represents the angle from Z i−1 and Z i measured about X i , d i is the distance between O i−1 and O i along Z i−1 axis, and θ i (i.e., the joint variable) is the angle from X i−1 and X i measured about Z i−1 . The Homogeneous Transformation Matrix (HTM) A i between each frame can be determined by DH convention [6] as 1 The direction normal to the plane formed by a and s. 2 The sliding direction. 3 The approach direction.
where c θi , s θi are short for cos(θ i ), sin(θ i ) and c αi , s αi are short for cos(α i ), sin(α i ). T 0 9 is the product of each HTM post in (1) multiplied together as
which gives the position and orientation of the end-effector with respect to the base coordinate frame. The last column of matrix T 0 9 (i.e., o x , o y , o z ) gives the Cartesian coordinates of the origin of the end-effector O 9 . The upper left 3 × 3 matrix of matrix T 0 9 presents the orientation of the end-effector with respect to the base frame. This 3 × 3 Euler-angles matrix can be algorithmically transferred into Roll-Pitch-Yaw angles as
where R x , R y and R z denote the parameters of RPY angles. In order to determine the motion of the end-effector, the proposed home position is to make the whole arm straight up at a singularity position (i.e., there will be infinity many solutions to inverse kinematics for this end-effector position and orientation) as Fig. 1(a) . Moreover, all the joint variables are made zero at home position. Thus, we substitute θ i = 0 (i = 1, 2, · · · , 9) into Equation (2) and get the transfer matrix of the end-effector at home position as 
III. PLATFORM CONSTRUCTION
This hyper-redundant robotic arm constructed with nine DC servo motors is attached to a fixed base frame. It consists of four main joints, one shoulder, two elbows and one wrist. Each motor carries a micro-controller with a RS-485 interface. Thus, the RS-485 protocol is used for communication from PC direct to the arm. Also, a specific AC-DC power adapter is chosen to satisfy the maximum recommended working voltage and current for servo motors.
A. Fundamental Structure of Hardware Platform Fig. 2 demonstrates the fundamental configuration of the arm at its home position which means all the angles of motors are set close to their center position. This is in order to provide maximum range of motion on either side of the home position. The first motor (i.e., motor 1) is fixed as the base with its axes along the straight-up Z 0 axis in such a way that the axis of rotation is orthogonal to previous. Other motors are assembled successively upon the base along the Z 0 axis. The kinematic motion is transmitted within the physical links between these motors.
B. Mechanical Analysis
The 9-DOF manipulator constructed by "MX series" servo motors provides high-performance in dynamic motion and mechanical strength as shown in Table II . It also has capability to afford a high torque requirement with payload. 
TABLE III AXIS RANGE OF EACH JOINT VARIABLE OF 9-DOF MANIPULATOR

Axis Range
the range of pitch-axis are the same (i.e., −110 o +110 o ). However, since all the angles of motors are set close to their center position during calibration, there will be a few sliding difference from designed starting and terminal position while all the range stay the same.
IV. CONTROL UI
An application software platform is designed to provide motion control for the 9-DOF manipulator. We develop a function library which can be used for constructing various applications based on the different requirements. In addition, an user interface is designed for convenient and intuitive control of manipulator.
A. Function Library for Application
An original static function library, named "DynamixelFuncsLib", is developed based on a standard programming library, called "Dynamixel SDK", provided by ROBOTIS. The "MX series" motor obeys and returns the instructions by pulse signal. [7] claims that "Dynamixel SDK" is explained based on C language calling method. It offers five groups of calling methods, i.e., Device Control Method, Set/Get Packet Method, Packet Communication Method, High Communication Method and Utility Method, to send or receive pulses to or from the motor. Our function library is designed upon this specific architecture.
B. Application Software Platform
The objective is to achieve initialization of packet communication between PC and manipulator, monitoring motor status, configuration of home position and sleep position, manual and sync control, motion teach and play, etc. This interactive software allows communication between PC and each servo motors go through in real time. It is capable to send instruction signal packet to command motors and receive status signal packet from them to get feedback. Also, all the kinematic and dynamic algorithm in this paper can be calculated and achieved by this software.
The UI developed for this software platform is based on the C++ MFC. It is divided into three parts in general, that are, operation monitor, manual control and sync control. These three interfaces can be switched as bookmarks using the "Tab Control" of C++ MFC which allows user to set parameters and observe motor status simultaneously.
Also, safety incident of manipulator may be caused by misoperation of UI. There are several safety measures designed to avoid accidents. First, all the activated buttons and input windows are disable before the manipulator gets to its home position as initialization. Second, the manual control button is disable before the torque of corresponding motor is on. Third, all the input windows are disable during the sync motion of manipulator. Fourth, the sync motion activated button is available unless the motion time is set. Finally, UI closure leads to the sleep position motion to shut down the manipulator safely.
V. EXPERIMENTAL PERFORMANCE
In this section, we present the result of tracking different paths using the 9-DOF arm described earlier and report error analysis. Three sample paths as shown respectively in Subsection V-A, V-B and V-C are designed to test accuracy and stability of the 9-DOF arm. We input all the sample joint variables and make the arm go though the path. During the real time tracking, We record the angles of each joint and calculate corresponding coordinates of the end-effector though forward kinematics then provide spacial plot of trajectory and error analysis for each tracking experiment.
A. Trajectory Tracking of A Line along the X-axis
A line along the X-axis, which starts from coordinate (200, -236.9, -50) to (-200, -236.9, -50), is tracked by 9-DOF arm. The corresponding tracking-trajectory of the end-effector and reference path are shown in Fig. 3 . Fig. 3 . Tracking-trajectory of a line along X-axis is compared with designed reference path in space coordinates. The total motion time is 59.7 seconds. The mean space distance error is 1.5295 mm and the maximum space distance error is 4.1948 mm. During the tracking, the mean position error and the maximum position error respectively along Xaxis, Y -axis and Z-axis are as shown in Table IV .
The designed velocity respectively along X-axis, Y-axis and Z-axis are constantly -2 mm/second, 0 mm/second, 0 mm/second. The end-effector tracks the line path smoothly within the velocity error as shown in Fig. 4 . The mean velocity error and the maximum velocity error respectively along Xaxis, Y -axis and Z-axis are as shown in Table V .
B. Trajectory Tracking of A Rectangle on X-Y Plane
A path of a rectangle on X-Y plane with four endpoints (100, -400, -50), (-100, -400, -50), (-100, -200, -50), (100, -200, -50) is tracked by 9-DOF arm. The corresponding tracking-trajectory of the end-effector and reference path are shown in Fig. 5 .
The total motion time is 199.5 seconds. The mean space distance error is 1.9704 mm and the maximum space distance error is 5.8564 mm. During the tracking, the mean position error and the maximum position error respectively along Xaxis, Y -axis and Z-axis are as shown in Table VI . The designed velocity respectively along X-axis, Y -axis and Z-axis are range from -2 mm/second to +2 mm/second, range from +2 mm/second to -2 mm/second and constantly 0 mm/second. The end-effector tracks the rectangle path smoothly within the velocity error as shown in Fig. 6 . The mean velocity error and the maximum velocity error respectively along X-axis, Y -axis and Z-axis are as shown in Table  VII . 
C. Trajectory Tracking of An Inclined Circle
A path of an inclined circle with its center coordinate (-315, 0, 10) and radius of 100 mm is tracked by 9-DOF arm. The corresponding tracking-trajectory of the end-effector and reference path are shown in Fig. 7 .
The total motion time is 49.5 seconds. The mean space distance error is 1.5007 mm and the maximum space distance error is 4.2913 mm. During the tracking, the mean position error and the maximum position error respectively along Xaxis, Y -axis and Z-axis are as shown in Table VIII . The designed velocity respectively along X-axis, Yaxis and Z-axis are −5.3sin(2πt/49.5) mm/second, −6.4cos(2πt/49.5) mm/second and 3.5sin(2πt/49.5) mm/second where t is motion time. The end-effector tracks the circle path smoothly within the velocity error as shown in Fig. 8 . The mean velocity error and the maximum velocity error respectively along X-axis, Y -axis and Z-axis are as shown in Table IX. VI. CONCLUSIONS Along this paper, we have constructed our own 9-DOF hyper-redundant manipulator with open architecture control based on kinematic modeling and dynamic analysis. Also, we have developed corresponding original function library and application software with UI to achieve manually control, sync control, tracking the trajectory using forward kinematics, etc. In general, the 9-DOF arm tracks the three designed path smoothly with certain accuracy. However, the performance can be significantly improved by proper tuning of the control parameters and reducing the delay in communication. The experimental results validate the performance of designed manipulator platform and testify that the 9-DOF manipulator works functionally and satisfies the requirement of this experimental design.
